Roesch et al. Neuron, volume 51 Supplemental Data Encoding of Time-Discounted Rewards in Orbitofrontal Cortex Is Independent of Value Representation by Matthew R. Roesch et al.
Roesch et al. 
  1
Neuron, volume 51 
Supplemental Data 
 
Encoding of Time-Discounted Rewards in Orbitofrontal Cortex Is 
Independent of Value Representation 
Matthew R. Roesch, Adam R. Taylor,
 and Geoffrey Schoenbaum
 
 
Directional selectivity during the reward epoch 
  In the main text we focus on the effects of delay length and reward size on 
reward-related activity, however there was also a significant effect on response direction. 
This was somewhat surprising because spatial selectivity has rarely been described in 
OFC; however in past studies response direction was not a predictor of reward value 
(Hikosaka and Watanabe, 2000; Roesch and Olson, 2004; Roesch and Olson, 2005; 
Rolls, 2000; Schoenbaum et al., 1998; Schoenbaum et al., 1999; Tremblay and Schultz, 
1999; Tremblay and Schultz, 2000; Wallis and Miller, 2003) or it was confounded with 
cue-reward associations(Lipton et al., 1999). By contrast, our task explicitly linked the 
direction or place of the response to differently valued rewards and made the cue 
irrelevant or non-predictive; instead cues were consistently associated with trial type (left, 
right, free choice).  Spatial selectivity in rat OFC has also been recently reported at the 
Annual Meeting of the Society for Neuroscience (Feierstein et al., 2005) using a similar 
paradigm.  
To further analyze the impact of direction on reward-related activity we 
performed a 2 factor ANOVA with neuronal activity during the reward epoch (forced-
choice only) as the dependent variable, and response direction and delay length as 
independent variables. Of the 159 reward-responsive neurons, 57 (36%) exhibited a 
significant interaction between delay length and direction, 4 (3%) exhibited a main effect Roesch et al. 
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of direction combined with a main effect delay and 11 (7%) exhibited a main effect of 
direction alone. An equal number of neurons (n = 36) fired more strongly for leftward 
responses as they did for rightward responses.  
  Spatial selectivity reflected the direction of the response, not the memory of the 
odor presented at the beginning of the trial. To demonstrate this we compared trials 
during which the response direction was the same but the identity of the odor differed 
(free- vs forced-choice trials).  For this analysis we computed, for each neuron, a 
directional firing rate index (directional index = left-right/left+right) for free- and forced- 
choice trials during the reward epoch. This computation used data from short delay trials 
on each side, in order to ensure roughly equal numbers of free- and forced-choice trials 
(rats select long less often when given a free choice). There was a strong correlation (r
2 = 
0.4561; p <0.0001). Thus, neurons fired similarly for trials of a given direction regardless 
of the preceding odor.  
  The identical analysis was also applied to neural activity in reward blocks. Of the 
159 reward-responsive neurons, 35 (24%) exhibited a significant interaction between 
reward size and direction, 3 (2%) exhibited a main effect of direction combined with a 
main effect reward and 24 (15%) exhibited a main effect of direction alone. The count of 
neurons that fired more strongly for leftward responses (n = 28) did not outnumber those 
firing more strongly for rightward responses (n = 34) (chi-square; p = 0.45), and again 
when we compared directional firing rate indices from free- and forced-choice trials, we 
found that neurons fired similarly for trials of a given direction regardless of odor identity 
(r
2 = 0.5982; p <0.0001). Roesch et al. 
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Delay specific enhancement of spatial signals 
Short-preferring neurons:   In the majority of OFC neurons, as the delay 
increased, reward-related activity decreased (Fig. 5). Interestingly this discounting signal 
was typically spatially specific.  Of the 65 neurons that fired significantly more strongly 
after shorter delays, 52 did so in one direction but not the other (Fig 4; Table 1A).To 
further illustrate this, the average firing rates during the reward-epoch for intermediate 
delays are plotted in supplemental figure 1A for both preferred and non-preferred 
directions.  Notably, the impact of delay on firing during the reward-epoch was 
particularly strong in the preferred direction (Fig 5A; blue solid vs blue dashed).  This 
resulted in an enhanced spatial signal [difference between preferred (black-solid) and 
non-preferred (gray-dashed)], when the reward was received after a short delay 
(supplemental figure 1A).  This enhanced spatial signal would be ideal for the biasing 
animals towards more immediate reward.  
   Long-preferring neurons:  Some neurons fired more strongly for rewards 
delivered after long delays (Fig. 6). This population differed from the population of 
reward-responsive neurons described above in that the spatial signal for this population 
was weak for rewards delivered after shorter delays, but increased as delay length was 
increased in the cell’s preferred direction (Fig. 6A; red solid vs. red dashed). To capture 
this effect, in supplemental figure 1B, we plotted the average firing rate (y-axis) during 
an anticipatory epoch, encompassing 500 ms prior to reward delivery, for preferred and 
non-preferred directions. Unlike short-preferring cells (supplemental figure 1A), the 
spatial signal for long-preferring cells was stronger in anticipation of delayed reward 
(supplemental figure 1B; 1-3 s).  Although we did not observe any relationship between Roesch et al. 
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activity in this population and future choice behavior in the current study enhanced 
spatial signals when rewards are delayed could potentially assist animals when they are 
forced to wait for delayed reward or when learning about delayed reinforcement. 
 
Firing during the response epoch diminishes as expected delays become longer 
  Under short delay conditions, short-preferring neurons fired in anticipation of and 
during delivery of reward (Fig. 5; blue).  Interestingly, on long delay trials (red), there 
was an increase in activity just after well entry, at the time when reward would have been 
delivered on short delay trials.  In the single cell example illustrated in figure 5B, this 
activity declines across the delay block.  To examine whether this change was typical for 
neurons in this population, we computed, for each neuron, the average firing rate from 
250 to 1500 ms after a response at the fluid well (response epoch). For short delay trials 
this epoch is equivalent to the reward epoch, however for long delay trials, this epoch 
differs from the reward epoch, instead capturing activity just after the response when 
reward would have been delivered on short delay trials.  For each neuron, we regressed 
the average firing rate during this epoch against the length of the delay. In the preferred 
direction, the firing rate of 41% of these neurons exhibited a negative correlation with 
delay length whereas only 2% showed the opposite effect. In the non-preferred direction, 
40% and 22% of these neurons exhibited a negative and positive correlation with delay 
length, respectively. The differences in counts of neurons showing opposite effects was 
significant in the preferred direction (chi-square; p < 0.001) but not the non-preferred 
direction (chi-square; p = 0.1615). Thus, consistent with the pattern exhibited by the 
single cell shown in figure 5B, the reward signal established for the preferred direction Roesch et al. 
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appears to diminish with time or as delays became longer, as if encoding changes in 
reward expectations rather than simply the response. 
 
Relation of reward size and delay length on neural activity in size-selective neurons 
  In the main text we describe the relation between reward size and delay length for 
the entire reward-responsive population, the short-preferring population and the long-
preferring population.  In none of these populations was there a significant correlation 
between reward size and delay length.  This is despite the fact that many neurons did 
show selectivity for reward size (see Table 1B).  Even in the population of neurons that 
fired more strongly for large rewards, effects of reward size (supplemental fig. 2A) and 
delay length (supplemental fig. 2B) were not correlated (r
2 = 0.0494; p = 0.2292).  This 
was also true for the population of neurons that fired more strongly for small reward (r
2 = 
0.0323; p = 0.4009). Thus time-discounted activity did not co-vary with activity related 
to reward size no matter what population was examined.  
 
Cue-related activity 
   Cue-related activity was not the primary focus of this report, since the odor cues 
were consistently associated with different the trial type (left, right, free choice) rather 
than differently delayed or sized rewards.  However to identify any effect of this task on 
neural activity correlated to odor presentation, we computed the average firing rate 
during an epoch starting 100 ms after odor onset and ending when the animal exited the 
odor port (odor epoch).  Neuronal activity during this period was then analyzed precisely 
as reward-related activity was in the main text.  To quantify the number of cells that 
exhibited a higher firing rate during the odor, we performed a one sided t-test comparing Roesch et al. 
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firing rate during this epoch to baseline activity (see methods).  Of the 302 neurons 
recorded, 88 (29%) exhibited an increase in firing rate in response to the odor.   
 
Directional selectivity during the odor epoch 
  Consistent with the meaning of the odor cues for response direction, there was a 
significant effect of response direction on neuronal activity during odor presentation. To 
analyze the impact of direction on firing during the odor epoch we performed a 2 factor 
ANOVA with neuronal activity on forced choice trials as the dependent variable, and the 
subsequent response direction and anticipated delay length as independent variables. Of 
the 88 odor-responsive neurons, 22 (25%) exhibited a significant interaction between 
delay length and direction, 1 (1%) exhibited a main effect of direction combined with a 
main effect of delay and 7 (8%) exhibited a main effect of direction alone. The count of 
neurons that fired more strongly for leftward responses (n = 17) did not outnumber those 
firing more strongly for rightward responses (n = 13) (chi-square; p = 0.4652).  
  Spatial selectivity appeared to reflect the direction of the subsequent response, not 
the odor identity. To demonstrate this we compared trials during which the response 
direction was the same but the identity of the odor differed (free- vs forced-choice trials). 
For this analysis we computed, for each neuron, a directional firing rate index (directional 
index = left-right/left+right) separately for free- and forced- choice trials during the odor 
epoch for short delay trials only. There was a strong correlation (r
2 = 0.3378; p <0.0001) 
between the two. Thus, neurons fired similarly for trials of a given direction regardless of 
the identity of the odor.  
  The identical analysis was also applied to firing in the odor epoch in reward 
blocks.  Of the 88 odor-responsive neurons, 24 (27%) exhibited a significant interaction Roesch et al. 
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between reward size and direction, and 6 (7%) exhibited a main effect of direction alone. 
The count of neurons that fired more strongly for leftward responses (n = 16) did not 
outnumber those firing more strongly for rightward responses (n = 14) (chi-square; p = 
0.7150). Again when we compared directional firing rate indices from free- and forced-
choice trials, we found that neurons fired similarly for trials of a given direction 
regardless of odor identity (r
2 = 0.1039; p <0.01).    
 
The impact of delay length and reward size on cue-related activity 
    Cue-related activity was affected by both the anticipated delay (supplementary 
table 1A) and anticipated reward size (supplementary table 1B).  The analysis is identical 
to that described in relation to table 1 in the main text.  Although, the counts of neurons 
exhibiting a significant impact of anticipated delay was more than expected by chance, 
those that fired more strongly in anticipation of short delay did not outnumber those 
showing the opposite effect.  Likewise, the counts of neurons exhibiting a significant 
impact of anticipated reward size was more than expected by chance, however one effect 
(big > small) did not outnumber the other (small > big).   
  To determine whether neurons that fired more strongly (or weakly) in response to 
cues predicting the short delay also fired more strongly (or weakly) in response to cues 
predicting the large reward, we plotted the delay index against the reward index (as 
computed in the main text) for all 88 neurons.  There was no correlation between reward 
size and delay length (p > 0.05) in either preferred or non-preferred directions.  Thus, as 
we reported for reward-related activity described in the main text, time-discounted Roesch et al. 
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activity did not co-vary with activity related to reward size for the overall population of 
odor-responsive OFC neurons. 
 
 
Supplementary Table 1A      
    RIGHT     
    s>l l>s  none   
  s>l  0(0%) 0(0%) 5(6%) 5(6%) 
LEFT l>s 5(6%) 0(0%) 5(6%)  10(11%) 
  none  5(6%) 4(5%)  64(73%)  
    10(11%) 4(5%)    
 
 
Supplementary Table 1B 
    RIGHT     
    b>s s>b  none   
  b>s  0(0%) 2(2%) 1(1%) 3(3%) 
LEFT s>b 2(2%) 0(0%) 7(8%)  9(10%) 
  none  3(3%) 9(10%)  64(73%)  
   5(6%)  11(13%)    
 
Supplementary Table 1. Incidence of significant effects of (A) delay length and (B) 
reward size during odor epoch.  
Counts of neurons exhibiting significant effects in a t-test taking firing rate during the 
odor epoch as the dependent variable and employing as factors the (A) delay length (short 
or long) or (B) reward size (big or small) independently for left and right.  The odor 
epoch started 100 ms after odor onset and ended at odor port exit. This epoch 
encompassed the anticipation and delivery of reward.  S>L or L>S: firing rate 
significantly greater for short than for long delay conditions or vice versa.  B>S or S>B: 
firing rate significantly greater for big than for small reward conditions or vice versa. 
 Roesch et al. 
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Supplemental Figure 1.  Average firing rate during the reward epoch as a function of 
delay length grouped according to whether they (A) fired more strongly after short delays 
(n = 65) or (B) fired more strongly after long delays (n = 27) during the reward epoch. 
Average firing rate (y-axis) for each population of neurons rewards delayed by 500 ms, 
1000 ms, 2000 ms and 3000ms (x-axis) independently for preferred (black-solid) and 
non-preferred directions (gray-dashed). These delays were included in every recording 
session.  
 
 Roesch et al. 
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Supplemental figure 2.   A. Population histogram representing firing rate as a function 
of time during the trial for neurons that fired more strongly for large rewards during the 
reward epoch (n = 30).  Activity is aligned on reward delivery. Green: big. Orange: small. 
Solid: preferred direction. Dashed: non-preferred direction.  B. Population histogram of 
same 30 neurons (shown in A) during trials when reward size was held constant and 
delay length varied. Blue: short.  Red: long. Solid: preferred direction. Dashed: non-
preferred direction. C. Relation of firing dependent on delay length to firing dependent on 
reward size for those neurons that fired more strongly for big reward. The delay index 
and reward index are computed on the basis of firing during the reward epoch. Delay 
index = (S-L) /(S+L) where S and L represent firing rates on short- and long-delay trials 
respectively.  Reward index = (B-S) /(B+S) where B and S represent firing rates on big- 
and small-reward trials respectively. Roesch et al. 
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